Abstract Multiscale interaction between monsoonal circulation and the local topography causes the southern front of the Darjeeling-Bhutan Himalaya to receive one of the highest annual rainfalls (3000-6000 mm) and most frequent heavy rains (up to 800 mm day -1 ) along the whole southern Himalayan margin. An examination of the patterns of annual rainfall, rainfall concentration, overland flow generation and slope instability indices in the Darjeeling-Bhutan Himalaya for 1986-2015 indicates that the mountain front disturbs rainfall gradient between the Bay of Bengal and the Tibetan Plateau. The results show that the precipitation concentration indices are lowest at the Himalayan front where the annual rainfall and the number of rainy days are highest. The Himalayan front has the highest predisposition to produce overland flow compared to adjacent foreland and the mountain interior. The average probability of the rainfall initialising the shallow landslides increases from 0.6% for a 1-day rainfall threshold of 144 mm to 6.1% for a 4-day rainfall threshold of 193 mm in the study area. The highest probability (up to 10%) of 2-day and longer lowintensity storms at the mountain front indicate that its area is threatened with particularly larger and deeper landslides. The multivariate regression analysis reveals statistically significant linear relationships of rainfall hazard indices with elevation and the distance to the mountain front in the mountain foreland and Himalaya, respectively. Regionally, the Darjeeling Himalaya reveals lower values of rainfall hazard indices, in comparison to the
Introduction
Mountain ranges whose axis lies perpendicular to the prevailing wind direction disturb the vertical stratification of the atmosphere. This interaction between topography and atmospheric circulation usually results in an increase in the rainfall amount and intensity on the windward side of the mountains (Frei and Schar 1998; Wratt et al. 2000; Barros et al. 2004; Roe 2005; Bookhagen and Burbank 2006; Boers et al. 2015) . Thus, mountains influence natural hazards such as landslides, erosion and floods in the short term through the control of rainfall distribution and intensity (Bookhagen and Strecker 2008; Dahal and Hasegawa 2008; Bookhagen 2010; Dimri et al. 2016) . In effect, in the long term, the pattern of rainfall shapes the form of the mountain ranges (Roe et al. 2003; Thiede et al. 2005; Anders et al. 2008; Champagnac et al. 2012) .
The interaction between large-scale circulation and the topography plays a crucial role in determining the rainfall pattern of the Eastern Himalaya (Anders et al. 2006; Houze et al. 2007; Murata et al. 2007; Medina et al. 2010; Goswami et al. 2010; Romatschke and Houze 2011; Prokop and Walanus 2015) . These studies have revealed two general rainfall gradients in this area. Rainfall gradually decreases from E to W with the distance from the Bay of Bengal as the major moisture source and decreases from S to N leeward of orographic barriers, towards the Tibetan Plateau.
High monsoonal rainfall combined with the undergoing uplift of the Eastern Himalaya range, their deep weathered mantle and steep slopes, makes it particularly prone to landslides, generation of the surface runoff, erosion and floods. Thus, rainfall in the Darjeeling-Bhutan Himalaya region (western part of the Eastern Himalaya) has been documented with a gauge network and remote sensing techniques to investigate the relief evolution at different timescales (Starkel 1972 (Starkel , 2004 Starkel and Basu 2000; Baillie and Norbu 2004; Grujic et al. 2006; Soja and Starkel 2007; Starkel et al. 2008) . The impact of extreme rainfall on landslides, floods and sediment delivery to the foreland was analysed, including the problem of deforestation, agriculture and settlement development (Dutt 1966; Ghatowar 1988, 1990; Froehlich et al. 1990; Starkel and Sarkar 2002; Prokop and Płoskonka 2014) . Several studies on hydrometeorological aspects of floods in the Himalaya also mentioned extreme rainfall registered at individual stations in the Darjeeling-Bhutan Himalaya and their foothills (Dhar et al. 1975 (Dhar et al. , 1984 Nandargi 2000, 2003; Hofer and Messerli 2006; Nandargi and Dhar 2011) . They reveal that a major rainfall event in the first Himalayan ranges or in the adjacent foothills immediately triggers flooding in the hills themselves and in their forelands.
However, all of these studies focused mainly on high annual rainfall in this area or concentrated on individual extreme events as factors of slope instability and floods. Therefore, our knowledge of the spatial and temporal rainfall distribution along the front of the Darjeeling and Bhutan Himalaya is still general and fragmentary.
The aim of this research is to quantify the impact of the mountain front on the rainfall hazard pattern. The rainfall hazard is evaluated on the basis of annual rainfall and synthetic indices with respect to precipitation concentration, overland flow generation and slope instability.
Materials and methods

Study area
The study area is located in the Darjeeling and western part of the Bhutan Himalaya, just north of the gap between the Deccan Plateau and the Meghalaya Plateau (Fig. 1) . Here, the southern front of the mountains forms the first orographic barrier for the humid south-west monsoon winds, on their way from the Bay of Bengal to the Himalaya. Therefore, it experiences one of the highest annual rainfalls (4000-6000 mm) and the most frequent heavy rains (up to 800 mm day -1 ) along the whole of the Himalayan front (Starkel 1972; Starkel and Basu 2000; Soja and Starkel 2007; Bookhagen 2010) .
The mountain front in the study area is very distinct and usually rises rapidly from the piedmont zone ( Fig. 2 ; Table 1 ). The Himalayan edge does not have a linear structure, but retreats up to 10-15 km to the north in some sections, forming semicircular bays bordered by linear segments of tectonic origin. Thus, the real length of the Himalayan front reaches 180 km, while its relative height is 1500-2500 m high.
The southernmost frontal zone of the Darjeeling-Bhutan Himalaya is composed of unconsolidated sandstones and conglomerates of Siwaliks. This discontinuous belt, of up to 5 km wide, is bounded northward with deep weathered gneisses, shales and phyllites (Acharyya 1980; Long et al. 2011 ). The terrain is intensively dissected with closely spaced and incised river valleys. Among the rivers only the Tista and the Torsa originate in the glaciated High Himalaya, while Jaldhaka starts in the Lesser Himalaya. The other rivers are small and drain mountain catchments of stream order 5-6 and an area of 10-150 km 2 . Heavy rainfalls cause the specific runoff in these small catchments to be several times higher compared to large river catchments. This facilitates very high rates of denudation and the formation of alluvial fans at the outlet of rivers to the Himalayan piedmont (Starkel et al. 2008 ).
The piedmont area represents a system of fans and tectonic blocks decreasing in elevation from 200 to 500 m a.s.l. at the base of the mountain to 100 m a.s.l. over a distance of 15 km (Nakata 1972; Chakraborty and Ghosh 2010) . Their surface is dissected by the braided channels of the rivers draining the Himalaya. At a distance of 15-20 km southward from the Himalayan foothills, the fans coalesce into an extensive alluvial plain, gradually lowering from 100 to 50 m a.s.l.
According to the Koppen classification, the climate is subtropical monsoonal with Cwa type in the foothills and Cwb type in the highest parts of the mountain front. About 78% of the annual rainfall occurs during the south-west monsoon between June and September. The contribution of pre-monsoon (March to May) and post-monsoon (October to December) rainfall to the annual rainfall is about 16 and 5%, respectively. However, during both of these seasons, rainstorms may occur that are associated with the local convection and tropical cyclones activity over the Bay of Bengal (India Meteorological Department 2008) . For the winter months, January and February, relatively drier conditions prevail.
Data and methods
Despite long-term observations at Indian meteorological stations and tea gardens, it was found that there were long gaps prior to 1980. Also, Bhutan's stations have relatively short periods of observations. We therefore selected stations that provide monthly and daily rainfall data, presenting relatively uniform coverage throughout the study area after 1985.
The rainfall data set of 22 stations for the period between 1986 and 2015 was obtained from the National Data Centre of the Indian Meteorological Department, Bhutan Hydrometeorological Department and tea gardens. Part of the data were also collected from printed archives and directly from the raingauge stations during extensive fieldwork in the period [2009] [2010] [2011] [2012] [2013] [2014] [2015] . Monthly rainfall data were available for all selected stations, while daily rainfall was available for 19 of them. Over the 30-year period, less than 10% of daily rainfall values were found to be missing. Missing daily rainfall values were filled using correlations of daily data with neighbouring stations and a dense network of tea gardens that carried out their own daily rainfall measurements. A rainy day was defined as having rainfall of at least 0.1 mm.
The Cartosat-1 Digital Elevation Model with 27 m spatial resolution (ISRO 2015) was used to delineate the range and profile of the southern Himalayan foothills. An ordinary kriging interpolation method was used as a reference for mapping spatial distribution of rainfall hazard.
In order to estimate the aggressivity (erosivity) of rainfall, the precipitation concentration index (PCI) and the concentration index (CI), designed for measuring seasonality and daily heterogeneity, respectively, were used (Oliver 1980; Martin-Vide 2004) . The PCI was calculated on a monthly rainfall basis using the equation proposed by Oliver (1980) :
where p i is rainfall amount of the ith month. The PCI was estimated on an annual and seasonal scale: pre-monsoon, south-west monsoon and post-monsoon seasons. The number 100 in the formula for the annual PCI was replaced by the numbers 25 for monsoon and 33 for pre-and post-monsoon to represent the number of months in each season as a percentage of 12 months of the year (Luis et al. 2011 ).
This index ranges from 8.3 to 100; the first is for a uniform monthly rainfall distribution (i.e. that same amount of precipitation in each month), and the second value, we get in case of a single wet month. Also, a PCI value of 16.7 will indicate that the total precipitation was concentrated in 1/2 of the period, and a PCI value of 25 will indicate that the total precipitation occurred in 1/3 of the period. Oliver (1980) suggested that PCI values of less than 10 represent a uniform precipitation distribution or low precipitation concentration, while values between 10 and 15 indicate a moderate precipitation concentration. Values between 15 and 20 represent an irregular distribution of rainfall, while values above 20 show a strong irregularity of precipitation distribution.
The computation of the concentration index (CI) of daily rainfall was based on aggregating daily precipitation events into increasing (1 by 1 mm) categories and determining the relative contribution (as a percentage) of progressively accumulated precipitation; (Y) as a function of the accumulated percentage of rainy days (X) during Y's occurrence. Further details on the procedure for selecting the number of rainfall classes can also be found in Martin-Vide (2004) .
Y and X are related according to the law with an exponential factor as (Riehl 1949; Olascoaga 1950) :
where a and b are constants estimated by least squares method. Curve (2) is also termed as a Lorenz curve or normalised rainfall curve (Jolliffe and Hope 1996) when referring to precipitation.
The normalised daily precipitation concentration index can be defined as follows:
where S is the area delimited by the exponential curve and the line Y = X is:
where A is the definite integral of the curve (2) between 0 and 100 (the range of X values), i.e. the area under the Lorenz curve:
The value of the CI is always a number between 0 and 1. Higher precipitation concentration, represented by higher percentages of the annual total precipitation in a few very rainy days, has a greater potential to cause soil erosion and floods. The CI is useful in environmental studies whose aim is to estimate the risk of soil loss or evaluate the water resources.
The predisposition of a site to produce overland flow (P AMCIII/50 ) with potential erosive effects was estimated by calculating the conditional probability of occurrence of daily events with a minimum of 50 mm of rainfall, preceded by at least 28 mm during the previous 5 days (antecedent moisture conditions AMCIII) (Gold et al. 1986 ) modified by Gregori et al. (2006) :
P½pð50Þ ð6Þ
where N 0 pð50ÞÀAMCIII is number of days with both rainfall C50 mm and AMCIII C28 mm; N 0 pð50Þ , number of days with rainfall C50 mm over the complete observation period; P½pð50Þ, annual exceeding probability of the daily threshold of 50 mm.
A daily rainfall threshold of 50 mm corresponds to large storms. The rainfall amount for the previous 5 days indicates a saturation of soil (AMCIII) during the dormant vegetative season according to the curve number (CN) method (SCS-USDA 1972). The approach combines meteorological factors, which almost certainly cause the formation of runoff and water erosion regardless of vegetation cover, relief and soil conditions (Gregori et al. 2006) .
Rainfall represents one of the principle factors triggering landslides. The causal relationship between rainfall and shallow landslides is the result of several factors such as rainfall amount and intensity, antecedent moisture conditions of the substrate cover and its thickness. Therefore, the probability estimation of shallow landslides estimation is more accurate when it is based on local relationships between rainfall and slope instability (Guzzetti et al. 2008) .
The role of the rainfall in triggering shallow landslides was assessed using the threshold relationship fitted to the lower boundary of the field defined by landslide-triggering rainfall events for the Nepal Himalaya (Dahal and Hasegawa 2008) :
where I is rainfall intensity in mm h -1 ; D, duration in hours. Equation (7) reveals that when the 24-, 48-, 72-and 96-h rainfall exceeds 144, 167, 181 and 193 mm, respectively, the risk of shallow landslides on Himalayan mountain slopes is high. The rainfall thresholds are similar to that described by Froehlich et al. (1990) on the basis of field observations for the Darjeeling Himalaya. They found that shallow landslides on steep slope segments occur when 24-h rainfall reaches 130-150 mm or the continuous 3-day rainfall totals 180-200 mm in the same area.
Results
Distribution of annual rainfall and number of rainy days
The annual rainfall distribution pattern is strongly controlled by the southern front of the Himalaya (Figs. 3, 4) . Rainfall increases from 3000 mm in the foreland at the distance of 30-40 km from the mountain front to 5000-6000 mm in the southern foothills of the Darjeeling-Bhutan Himalaya. Rainfall then decreases to below 3000 mm at stations located 15 km northward from the southern edge of the mountains. Further in the mountains, the rainfall goes down to below 1000 mm (Baillie and Norbu 2004) .
The mountain front encompasses an approximately 8-10-km-wide belt of the Himalayan margin (the first step visible on average height profile of the Himalaya, cf. Fig. 4) . The system of alluvial fans and uplifted tectonic blocks dissected by valleys with terraces causes variability of relative heights up to 400 m at the Himalayan foothills. This factor combined with the change of the mountain front course in relation to moisture-laden winds results in the highest annual rainfall at Sibsu station ( Fig. 5; Table 1 ). In effect, the differences in annual rainfall amounts reach 27% at neighbouring stations. At the mountain front, depending on the local topography, the rainfall remains similar to that observed at the foothills or rises slightly-however, only up to approximately 1000 m a.s.l. This is evidenced by 4969 mm of annual rainfall at Buxa station located *2 km from the foothills at 824 m a.s.l. and the Kurseong station, which notice lower annual rainfall of 3990 mm and is located 8 km from the foothills at 1476 m a.s.l. This confirms previous observations that the highest annual rainfall and major extreme 1-day rainfall are mainly reported from an altitude below 1000 m a.s.l. along the southern steep edge of Himalayan front (Starkel et al. 2008; Nandargi and Dhar 2011) .
The number of rainy days to some extent follows the annual rainfall distribution (Fig. 3) . In the Himalayan foreland, it increases from 112 to 140 as it approaches the mountain margin. The number of rainy days is highest at the Himalayan front; however, it varies between 140 and 187, depending on local topography. Northward at the distance of 15 km from the mountain front, it again decreases to 167 and 132 in the Bhutan Himalaya and the Darjeeling Himalaya, respectively.
Rainfall concentration
Precipitation concentration index (PCI) that is based on monthly data exhibits a different pattern from those observed for annual rainfall (Fig. 6a) . Average annual PCI values range from 16.5 (high concentration) to 20.8 (very high concentration) with a coefficient variation of only 7%. PCI concentration decreases from the SW to the NE in the study area. The mountain front has medium rainfall concentration values, but its impact is poorly visible in the form of isoline disturbances along the Darjeeling-Bhutan Himalaya margin. Monsoon circulation is the most important factor influencing PCI distribution and masks the impact of topography on an annual scale (cf. Fig. 1 ).
Seasonal distribution of PCI is highly variable in space ( Fig. 6b-d) . A moderate concentration of PCI values is observed during the pre-monsoon season with a decreasing gradient from SW in the foreland to NE in the mountains. It is similar to that of annual PCI distribution. For the south-west monsoon season, rainfall has a low concentration and is generally uniformly distributed. The lowest rainfall concentration is observed along the An analysis of seasonal PCI distribution shows that pre-and post-monsoon seasons with the highest irregularity have the largest impact on annual PCI pattern. This is related to both mesoscale circulation with the onset and withdrawal of monsoons in these seasons as well as to vigorous convective processes and cyclone activity. In addition to monsoonal rainfall during June to September, there is considerable thunderstorm activity in May in the Eastern Himalayan region, and the rainfall caused by these thunderstorms is comparable in magnitude to the rainfall of any of the monsoon months (Nandargi and Dhar 2011) . Extreme rainfalls that contribute a large amount of rain are also mentioned in the literature for the post-monsoon season for this region (Abbi et al. 1970; Starkel 1972) . They are frequently related to tropical cyclones moving from the Bay of Bengal towards the Himalayan orographic barrier. Such heavy rain over the Darjeeling-Bhutan Himalaya was 2-5 October 1968, when 1091, 607 and 796 mm of rainfall was noted in Kurseong, Darjeeling and Kalimpong, respectively. Rainfall amounts exceeded 200 mm several times at these stations, also in October, for 1986-2015, while average rainfall is below 100 mm in this month.
The average annual concentration index (CI) value is 0.59 in the study area ( Fig. 7 ; Table 2 ). CI values exhibit less variability CV = 4%, compared to the other rainfall hazard indices. One of the lowest values (0.53-0.60) is observed along the Himalayan front. This result reveals that the CI values are noticeably lower in places where both annual rainfall and the annual number of rainy days are higher. The south-west monsoon winds deliver moisture-laden air, and much of the rainfall occurs at almost vertical scarp of the Himalaya in frequent, brief, low-intensity orographic showers. Thus, the mountain front also has the lowest percentage of rainfall, contributed by 25% of the rainiest days-usually below 70% (Table 2 ). In the mountains, stations located on the summits such as Darjeeling and Kalimpong receive more regular rainfall (CI = 0.56-0.57) compared to stations located in the rain shadow of mountain valleys such as Dorokha and Tendu (CI = 0.60-0.61), regardless of the altitude.
The foreland of the Darjeeling-Bhutan Himalaya recorded high CI values of above 0.60, indicating that above 70% of total rainfalls on 25% of the rainiest days. The high concentration can be related to irregular 'break monsoon periods', i.e. the shifting of the eastern end of the seasonal monsoon trough to the foothills of the Himalayas in the north, when the monsoon activities are intensified (Maharana and Dimri 2015) . The study of Dhar et al. (1984) has shown that, on a 'break' day, positive percentage departures of rainfall as high as 100-300% have occurred at stations located in the outer Himalaya and the Fig. 7 Spatial distribution of the normalised daily precipitation concentration index (PCI). Dotted line indicates foothills of the Himalayan mountain front. Map covers the area and stations presented in Fig. 2 adjoining plains of north Bengal. Many of the stations in the Darjeeling-Bhutan Himalayan foreland (Nagrakata, Neora, Hasimara) recorded the highest 24-h rainfall of the magnitude *800 mm during monsoon season. This is a value similar to those observed in the Himalayan foothills and higher than those registered in the mountains (Nandargi and Dhar 2011) . Moreover, it was also found that convective heating associated with the synoptic events interacts with the Eastern Himalayas and generates southward-propagating gravity waves with a period of about 24 h in north-east India (Goswami et al. 2010) . The strong updrafts associated with these waves produce deep convection and heavy rainfall, especially at stations located in the Himalayan foreland.
The exponential curves of a given type in Eq. (5) were calculated for 19 analysed meteorological stations. The three curves representing the lowest, moderate and highest rainfall concentration are presented in Fig. 8 . As the total area between the straight diagonal line and the concentration curve increases, the value of the CI also increases. Jalpaiguri station, in the foreland located 43 km south to the mountain front, recorded the highest CI value, with an average of 0.63. These values mean that 25% of the rainiest days contributes almost 73% of the total rain. The Darjeeling station in the Himalaya located 25 km north of the mountain front has a moderate CI value of 0.57; 25% of the rainiest days contributes almost 69% of the total rain. The lowest CI values were recorded in the Himalayan foothills at Samtse, which contributed less than 64% of the total rain based on the CI value of 0.53.
The synthetic indexes of rainfall aggressiveness allow a comparison of different sites in terms of occurrence of rainfalls with morphogenetic impact (Gregori et al. 2006 ). The annual concentration of precipitation PCI exhibits increasing concentration from the South China Sea coast (PCI \ 15) towards the Tibet region (PCI [ 30) with similar values in Yunnan Province, located relatively close to our study area (Shi et al. 2015) . The CI values show a similar distribution with a lower concentration over the mountains compared to coasts than those found for the Malaysia (0.42-0.61) and the South China (0.46-0.68) in tropical monsoonal and subtropical monsoonal climates, respectively (Suhaila and Jemain 2012; Huang et al. 2013; Shi et al. 2015) .
Overland flow occurrence probability
Average annual overland flow occurrence probability (P AMCIII/50 ) is 5.1% with a coefficient of variation 30%. The impact of topography is one of the most clearly visible among the analysed rainfall hazard indices. The mountain front has the highest probabilities of overland flow events above 5.0% (Fig. 9) . This zone has two centres where the probability reaches 8-9%, located in the transboundary of the Darjeeling-Bhutan Himalaya and the Bhutan Himalaya itself. The high overland flow occurrence probability is an effect of frequent daily rainfalls that pass a 50 mm threshold as well as a high number of rainy days, reaching 23-27 in every month between June and September. The combination of these two factors maintains the moist condition of the soil throughout the monsoon season. In the Fig. 9 Spatial distribution of the overland flow probability P AMCIII/50 . Dotted line indicates foothills of the Himalayan mountain front. Map covers the area and stations presented in Fig. 2 mountain interior, 15 km from the southern foothills of the Himalaya, the runoff probability decreases to 2-3%, and is by half, smaller than in the foreland. Runoff frequently occurs in association with the same type of intense rainstorms that cause flash flooding. High rainfall intensity and saturation of the soil profile combined with a dense river network, direct contact of steep slopes and river channels facilitate rapid flood generation and enormous sediment load in the Darjeeling-Bhutan Himalaya (Starkel and Basu 2000) . The specific discharge and specific sediment yields are up to several dozen times higher in Siwaliks compared to the Higher Himalaya (Ives 2004; Hofer and Messerli 2006; Starkel et al. 2008 ). Their impact is not limited to the first Himalayan ranges, but the fluxes of water and sediment have a strong influence on their piedmont.
Shallow landslide-triggering probability
The probability of the rainfall initialising the landslides rises and differentiates spatially, together with the rainfall duration. The average probability of daily rainfall of 144 mm is 0.6% and ranges between 0.2 and 1.4%. The probability is highly variable (CV = 50%) in the study area with no visible impact of landform on spatial distribution of rainfall threshold (Fig. 10) . This indicates that the high 1-day rainfall intensities are rather randomly localised. The average probability of the 2-day rainfall reaches 2.4%. Its coefficient of variation decreases to 35%. The differentiation between the foreland and mountains is more distinct as well as between the Darjeeling and the Bhutan Himalaya. The average probability of the 3-and 4-day rainfall rises to 4.3% and 6.1%, respectively. The coefficient of variation also drops to below 30% in both cases. The influence of the topography on the rainfall threshold distribution is clearly visible. The highest probability is within the mountain front up to 10.0%, while the lowest is in the Himalayan interior, 2-4%. Probability is also twice as high in the Bhutan Himalaya compared to the Darjeeling Himalaya. The Himalayan rainfall threshold (Dahal and Hasegawa 2008) resembles that which was proposed for that humid tropical climate of Puerto Rico (Larsen and Simon 1993) , but with a slightly lower threshold value. Short but high-intensity storms may trigger mostly small and shallow landslides in unconsolidated material. Larsen and Simon (1993) argue that these landslides had failure planes in saprolite or at the soil-saprolite boundary. In contrast, storms of long duration but low intensity (i.e. 72 h and longer) have triggered the larger and deeper landslides. In this case, prolonged water infiltration permits excess pore pressure more deeply, between the saprolite and unweathered bedrock boundary.
The role of the antecedent rainfall in triggering landslides is more complicated. Dahal and Hasegawa (2008) suggested that a moderate correlation exists between the antecedent rainfalls of 3-10 days and the daily rainfall at failure in the Nepal Himalaya. Larsen and Simon (1993) stated that antecedent rainfalls play an important role in the temperate climate, but its effect in a humid climate is negligible because frequent rainfall keeps the soil in wet conditions throughout the year. In our case, the antecedent rainfall plays probably a minor role during monsoon season because there are only a few days without rainfall. However, the role of antecedent rainfall can be important in the post-monsoon season when soil moisture is increased following the four wettest months of the year.
Impact of topographic variables on rainfall hazard
Interpolation considers spatial relationships among sampling points and does not take into account other properties of the landscape. In the mountains, the impact of topographic variables such as altitude or slope orientation on rainfall is very important. Our study area shows two clearly differentiated landscape units: gently inclined foreland and mountains with rugged topography. The contrasting areas led us to select two independent topographic variables: distance to mountain front (i.e. Himalayan foothills) and altitude as predictors of spatial rainfall and synthetic indices distribution. The relationships were derived through multivariate regression. An adjusted determination coefficient (R 2 ) was also calculated, which compensates for this optimistic trait in the determination coefficient, by taking into account the size of the sample and the number of prediction variables.
The calculated relationships between rainfall and the independent topographic variables fit linear models (Table 3 ). The regression approach using two topographic variables (distance to the mountain front and elevation) enabled us to describe 61-67% of the spatial variability of annual rainfall, 55-65% predisposition of a site to produce overland flow, as well as 54-62% of a 2-, 3-and 4-day rainfall threshold, triggering shallow landslides in the mountains.
In the foreland, the annual rainfall, concentration indices and overland flow occurrence probability models are statistically significant at a \ 0.05 level. In the mountains, the annual rainfall, overland flow occurrence probability as well as 2-, 3-and 4-day rainfall thresholds models are statistically significant at the same level. Only a 1-day rainfall threshold model for triggering landslides is not statistically significant in either landscape units. The analysis using multivariate regression reveals that elevation is a more statistically significant topographic variable in the foreland, while distance to the mountain front (Himalayan foothills) is more important in the mountains.
Conclusions
Examination of the spatial distribution of annual rainfall and rainfall hazard indices in the Darjeeling-Bhutan Himalaya indicates that the mountain front disturbs described earlier rainfall gradient between the Bay of Bengal and the Tibetan Plateau. The same type of intense or prolonged rainstorms can simultaneously initiate several processes such as runoff, soil erosion, flood, debris flow and landslides. The area most threatened by the effects of these processes extends from the Himalayan foothills up to 1000 m a.s.l., which has a width of about 8-10 km towards the mountain interior. This zone of mountain front has the highest rainfall accompanied with its lowest concentration, the highest probability of runoff occurrence as well as 2-, 3-and 4-day rainfall initiating landslides, compared to adjacent foreland and the mountain interior. A high frequency of long-duration and lowintensity storms indicates that the mountain front is threatened particularly by larger and deeper landslides.
However, the mountain front is not homogenous in terms of rainfall hazard. A combination of two factors-variability of relative heights and changes of the mountain front course in relation to moisture-laden winds-causes differences of annual rainfall at neighbouring stations to reach 27%. These differences are enhanced in case of annual rainfall hazard indices up to 43%.
The analysis of rainfall hazard indices demonstrated their different spatial behaviour between foreland and Himalaya. The multivariate regression approach reveals statistically significant linear relationships of rainfall hazard indices with elevation in the Himalayan foreland. In contrast, higher dependency of rainfall hazard indices on distance from the mountain front is visible in the Himalaya. Therefore, adiabatic cooling and heavy rainfall at the southern Himalayan orographic barrier strengthens decrease in rainfall in the mountain interior. In comparison to the Bhutan Himalaya, the Darjeeling Himalaya reveals lower indices of daily rainfall concentration, predisposition to overland flow and probability of triggering landslides for a 2-day and longer rainfall duration. Thus, catastrophic effects of erosion, landslides and floods in the Darjeeling Himalaya, frequently described in literature, are more related to intensive human activity such as the development of settlements, agriculture, road and reservoirs construction, than to rainfall hazards only.
